Growing evidence shows that microRNAs (miRNAs) regulate various developmental and homeostatic events in vertebrates and invertebrates. Osteoblast differentiation is a key step in proper skeletal development and acquisition of bone mass; however, the physiological role of non-coding small RNAs, especially miRNAs, in osteoblast differentiation remains elusive. Here, through comprehensive analysis of miRNAs expression during osteoblast differentiation, we show that miR-206, previously viewed as a musclespecific miRNA, is a key regulator of this process. miR-206 was expressed in osteoblasts, and its expression decreased over the course of osteoblast differentiation. Overexpression of miR-206 in osteoblasts inhibited their differentiation, and conversely, knockdown of miR-206 expression promoted osteoblast differentiation. In silico analysis and molecular experiments revealed connexin 43 (Cx43), a major gap junction protein in osteoblasts, as a target of miR-206, and restoration of Cx43 expression in miR-206-expressing osteoblasts rescued them from the inhibitory effect of miR-206 on osteoblast differentiation. Finally, transgenic mice expressing miR-206 in osteoblasts developed a low bone mass phenotype due to impaired osteoblast differentiation. Our data show that miRNA is a regulator of osteoblast differentiation. 
Growing evidence shows that microRNAs (miRNAs) regulate various developmental and homeostatic events in vertebrates and invertebrates. Osteoblast differentiation is a key step in proper skeletal development and acquisition of bone mass; however, the physiological role of non-coding small RNAs, especially miRNAs, in osteoblast differentiation remains elusive. Here, through comprehensive analysis of miRNAs expression during osteoblast differentiation, we show that miR-206, previously viewed as a musclespecific miRNA, is a key regulator of this process. miR-206 was expressed in osteoblasts, and its expression decreased over the course of osteoblast differentiation. Overexpression of miR-206 in osteoblasts inhibited their differentiation, and conversely, knockdown of miR-206 expression promoted osteoblast differentiation. In silico analysis and molecular experiments revealed connexin 43 (Cx43), a major gap junction protein in osteoblasts, as a target of miR-206, and restoration of Cx43 expression in miR-206-expressing osteoblasts rescued them from the inhibitory effect of miR-206 on osteoblast differentiation. Finally, transgenic mice expressing miR-206 in osteoblasts developed a low bone mass phenotype due to impaired osteoblast differentiation. Our data show that miRNA is a regulator of osteoblast differentiation.
Connexin43 ͉ miR-206 ͉ T he osteoblast, a cell type of a mesenchymal origin, plays a major role in skeletal development and bone formation (1, 2) . Understanding the regulatory mechanism of osteoblast differentiation is a prerequisite for developing strategies to treat bone loss diseases such as osteoporosis (3) (4) (5) . In the last two decades, progress in molecular and genetic research has uncovered various regulatory processes of osteoblast differentiation (1, 2, 4) . Central to this regulation are transcription factors; Runx2, Osterix, and ␤-catenin are, to date, the transcription factors known to be essential for osteoblast differentiation (2) . In addition, while some transcription factors, including C/EBP␤, Smad1, and Smad5, bind to Runx2 and enhance its transcriptional activity, others, such as Twist, inhibit Runx2 transcriptional activity (6) . However, given the fact that the number of coding genes in vertebrates and invertebrates (which lack a skeleton) is comparable (7) , there must be additional mechanisms for controlling skeletal development other than transcriptional regulation of gene expression.
Recently, miRNAs have emerged as important regulators in various developmental, physiological, and pathological conditions such as tumorigenesis, viral infection, and cell differentiation and function (8) (9) (10) . miRNAs are single-stranded small RNA molecules that are approximately 21 or 22 nucleotides long (9). They do not encode protein; instead, they regulate the level of other proteins by decreasing messenger RNA (mRNA) levels or inhibiting translation by binding the 3ЈUTR of the target mRNA (8) . Surprisingly, non-coding RNA accounts for 98% of all genomic output in humans (11) , and it has been proposed that the proportion of non-coding RNA to protein-coding RNA is correlated with developmental complexity (12) .
Previous reports implicated miRNAs in the differentiation of osteoclasts and osteoblasts (13) (14) (15) (16) (17) (18) (19) (20) (21) . However, their importance in the regulation of osteoblast differentiation in vivo, if any, remains to be established. Here we show that one particular miRNA, miR-206, is expressed in the osteoblastic cell lineage and that its expression gradually decreases in parallel with osteoblast differentiation. Interestingly, modulating miR-206 expression in osteoblasts markedly affects their differentiation potential in part by altering the accumulation of connexin 43 (Cx43). Finally, osteoblast-specific expression of miR-206 in vivo leads to severe bone loss due to impairment of osteoblast differentiation. Thus, this study reveals a physiological regulatory mechanism of osteoblast differentiation mediated by miRNA.
Results

Identification of miRNAs Whose Expression Varies During Osteoblast
Differentiation. To study the potential involvement of miRNAs in osteoblast differentiation, we first attempted to identify miRNAs that are expressed in the osteoblastic cell lineage, particularly miRNAs whose expression is altered during osteoblast differentiation. To that end, we treated multipotent C2C12 mesenchymal progenitor cells with recombinant BMP-2 for 2 days, an established model for studying osteoblast differentiation (22) . We then comprehensively analyzed the expression of miRNAs before and after BMP-2 treatment using a microarray that detects all known miRNAs (23) . miR-133a was downregulated by BMP-2 treatment (Fig. 1A and Figs. S1 and S2 A) as previously reported (13) , suggesting that the experiment was properly conducted. Osteoblasts express many miRNAs, and most of the miRNAs (36%) were downregulated by BMP-2 treatment, while only 4% of them were upregulated ( Fig. 1 A and Fig. S1 ). Of these, we were interested in miR-206 because its expression was most significantly downregulated during osteoblast differentiation (Fig. 1 A) . As miR-206 was originally shown to be expressed exclusively in skeletal muscle and heart (24-28), we first verified its expression in the osteoblastic lineage using primary mouse osteoblasts and bones by four different experiments. First, as
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shown by an RNase protection assay, miR-206 was clearly expressed in primary osteoblasts (Fig. 1B) . Second, by Northern blot analysis, which is almost 10 times less sensitive than an RNase protection assay (29, 30) , miR-206 was also shown to be expressed in primary osteoblasts (Fig. 1C) sion both in femur and primary osteoblasts ( Fig. 1 D and E) , and interestingly, miR-206 expression gradually decreased during the course of osteoblast differentiation (Fig. 1E ). Fourth and most importantly, to investigate the dynamic pattern of miR-206 expression in bone, we performed in situ hybridization analysis using DIG-labeled probes. At E14.5, miR-206 was expressed in muscle and perichondrium osteoblastic cells, whose identity was verified by the coexpression of ␣1(I) collagen and Runx2, markers for osteoblasts (Fig. 1F) . At E16.5, miR-206 was still expressed in the cells of the bone collar, although the expression was decreased compared to the expression at E14.5 ( Fig. 1F) . At E18.5, miR-206 expression in bone was close to background level (Fig. 1F) . The gradual decrease of miR-206 expression during skeletogenesis in vivo is consistent with its gradual decrease of expression during the course of in vitro osteoblast differentiation. To further confirm in vivo expression of miR-206 in osteoblasts, we also performed double staining for in situ hybridization to detect miR-206 and immunohistochemistry to detect Runx2. High resolution confocal microscopic analysis revealed that miR-206 colocalize with Runx2 in osteoblast (Fig.  S3 ). Taken together, these four independent experiments confirmed that miR-206 is expressed in the osteoblastic cell lineage. To this end, we infected a vector expressing both miR-206 and a blasticidin-resistance gene into C2C12 cells and isolated five stable blasticidin-resistant clones that also express miR-206 to determine if continuous expression of miR-206 affected their ability to differentiate into osteoblasts. As controls, we also infected either an empty vector or a miR-133-expressing vector. C2C12 cells expressing empty vector differentiated normally into the osteoblastic lineage upon BMP-2 treatment. In contrast, osteoblastic differentiation of C2C12 cells expressing miR-133 was significantly impaired (Fig. S2B) , as previously reported. Importantly, none of the five clones expressing miR-206 differentiated into the osteoblastic lineage, as shown by the lack of induction of alkaline phosphatase activity ( Fig. 2A) . To rule out the possibility that stable expression of miR-206 altered the properties of C2C12 cells, we also transiently transfected a miR-206-expressing vector into C2C12 cells. In this transient DNA transfection assay, miR-206 also repressed osteoblastic differentiation (Fig. 2B) . To test if miR-206 regulates osteoblast differentiation in a physiological manner, we next used primary mouse osteoblasts because C2C12 is a myogenic cell line. The results showed that continuous expression of miR-206 significantly inhibited osteoblast differentiation as demonstrated by the decrease in alkaline phosphatase activity and bglap expression ( Fig. 2C and Fig. S4 ). Interestingly, miR-206 expression did not affect Runx2 mRNA expression, indicating that miR-206 regulates osteoblast differentiation independently of Runx2 (Fig. 2C) .
Because it has been shown that expression of miR-206 induces myogenic differentiation (24, 27, 28) , we asked whether miR-206 expression induces myogenic transdifferentiation of osteoblasts; however, no expression of myogenic genes such as MyoD or Myf5 (31) was detected, indicating that miR-206 does not induce myogenic differentiation (Fig. 2C) Since overexpression of miR-206 inhibits osteoblast differentiation, we next asked whether decreasing miR-206 expression would accelerate their differentiation. Indeed, knockdown of miR-206 significantly induced osteoblast differentiation (Fig.  2D ). Taken together, these results demonstrate that miR-206, which is expressed in the osteoblastic cell lineage, physiologically regulates osteoblast differentiation.
Connexin 43 Is One Molecular Target of miR-206 in Osteoblasts.
We next studied the molecular mechanism by which miR-206 inhibits osteoblast differentiation. To identify target genes of miR-206, we relied on a computational approach using two different established databases (32, 33) . Among the many genes that were predicted to be potential targets by both databases, we focused on Cx43, a gap junction protein expressed in osteoblasts that plays a major role in osteoblast differentiation and function; indeed, Cx43-deficient mice display low bone mass due to osteoblast dysfunction (34, 35) . Two putative target sequences for miR-206 were found in the 3ЈUTR region of Cx43 (Fig. 3A) . At first, we tested if miR-206 regulated Cx43 expression using a reporter plasmid in which the two putative binding sites of the Cx43 3ЈUTR were cloned into the 3ЈUTR of the luciferase gene (Fig. 3B) . As expected from in silico analysis, ectopic expression of miR-206 significantly decreased luciferase activity (Fig. 3B) ; furthermore, ectopic expression of miR-206 downregulated endogenous Cx43 protein expression without affecting Cx43 mRNA expression (Fig. 3C) . Taken together, these results identify Cx43 as a bona fide target of miR-206 in vivo. To address if Cx43 is a physiologically important target of miR-206 during osteoblast differentiation, we asked whether restoring Cx43 expression rescued the impairment of osteoblast differentiation caused by continuous miR-206 expression. Continuous expression of miR-206 in osteoblasts decreased osteoblast differentiation and Cx43 protein expression (Fig. 3C) . However, when we co-expressed Cx43 together with miR-206, the inhibitory effect of miR-206 on osteoblast differentiation was markedly rescued (Fig. 3D ). Importantly, the expression level of Cx43 protein was similar between control cells and cells coexpressing both miR-206 and Cx43, which indicates that restoration of Cx43 protein expression is sufficient to obtain normal osteoblast differentiation in miR-206-expressing osteoblasts (Fig. 3D) .
miR-206 Is a Regulator of Bone Formation in Vivo.
Lastly, to address the in vivo role of miR-206 in bone formation, we generated transgenic (tg) mice specifically expressing miR-206 in osteoblasts using the ␣1(I) collagen promoter ( Fig. 4A and Fig. S5 ). ␣1(I) miR-206 tg mice displayed a low bone mass phenotype both in trabecular and cortical bones by CT analysis and histology (Fig. 4 A and B) . Furthermore, bone histomorphometric analysis revealed that the bone formation rate, an indicator of osteoblast function, was significantly decreased in ␣1(I) miR-206 mice (Fig. 4 B and C) . In contrast, osteoclast surface, a marker of bone resorption, was similar in wild-type mice and ␣1(I) miR-206 tg mice, indicating that osteoclastic bone resorption was not affected (Fig. 4C) . The expression of osteoblastic marker genes such as Akp2 was significantly downregulated in ␣1(I) miR-206 tg mice (Fig. 4D) . Importantly, Cx43 protein expression was significantly reduced in ␣1(I) miR-206 tg mice, while the expression of Runx2 and Osterix was not affected in these mice (Fig. 4 D and E) , further indicating that miR-206 regulates osteoblast differentiation through Cx43 independently of Runx2 and Osterix. Of note, the lack of expression of myogenic marker genes in real-time PCR and the absence of Troponin I protein in immunohistochemistry (36) clearly demonstrated that there was no ectopic muscle differentiation in ␣1(I) miR-206 tg mice (Fig. 4 B and D) . Collectively, overexpression of miR-206 in osteoblasts inhibited osteoblast differentiation, which led to low bone mass in vivo.
Discussion
We demonstrate here an inhibitory role of miR-206 during osteoblast differentiation. First, we showed that miR-206 is expressed in the osteoblastic lineage and that this expression gradually decreases during osteoblast differentiation. Then we demonstrated that modulating the expression of miR-206 in osteoblasts affects osteoblast differentiation and that one of the targets of miR-206 is Cx43. Finally, we showed that miR-206 regulates osteoblast differentiation in vivo. Recent reports suggested the involvement of miRNAs in osteoblast differentiation (13) (14) (15) (16) (17) (18) (19) (20) . However, these reports were based only on in vitro observations using a cell line. To our knowledge, this study demonstrates an in vivo regulatory role of miRNA in osteoblast differentiation.
It was previously shown that miR-206 induces myogenic differentiation (24, 27, 28) . Therefore, we were concerned that the observed inhibitory effect of miR-206 in osteoblast differentiation was attributable only to an increase of differentiation into the myoblastic lineage, or alternatively, that miR-206 transdifferentiates osteoblasts into the myoblastic lineage. However, the experimental evidence argues against these hypotheses. Indeed, primary osteoblasts continuously expressing miR-206 do not express myogenic markers such as MyoD or Myf5. Furthermore, ␣1(I) miR-206 tg mice do not demonstrate any evidence of ectopic muscle differentiation in bone. Notably, the fact that to overexpress miR-206 we used the ␣1(I) collagen promoter, which is active only in cells committed to the osteoblastic lineage (37) , and that these tg mice developed bone abnormalities strongly suggests that miR-206 directly affects osteoblast differentiation independently from any function it has during myogenic differentiation.
There was also another concern that miR-206 was expressed only in myogenic cells and inhibited osteoblastic genes in them. However, we observed that miR-206 was expressed in osteoblastic cells by four different experimental procedures. Moreover, the fact that the knockdown of miR-206 in osteoblasts accelerated their differentiation demonstrates that miR-206 is expressed in osteoblasts and plays a role in their differentiation. Muscle-specific miRNAs comprise a well-defined family consisting of miR-1, miR-133, and miR-206. Interestingly, while miR-1 and Ϫ133 are expressed in Drosophila and vertebrates, miR-206 is not expressed in Drosophila. Instead, it is only expressed in vertebrates. This suggests that miR-206 evolved at a different period from miR-1 and miR-133 and thus may play a role other than the regulation of myogenic differentiation exhibited by miR-1 and miR-133.
Our observation that the inhibitory effect of miR-206 on osteoblast differentiation was rescued by the restoration of Cx43 suggests that Cx43 is a bona fide target of miR-206 in osteoblast differentiation. Indeed, while miR-206-expressing osteoblasts have a defect in osteoblast differentiation, they do not show any proliferative abnormality. This result is consistent with the normal proliferation of Cx43-deficient osteoblasts (34, 35) . However, given that a miRNA can regulate multiple target genes (8) , the effect of miR-206 may not depend solely on Cx43. Indeed, although osteoblast-specific Cx43-deficient mice have a normal mineral apposition rate (34), ␣1(I) miR-206 tg mice have a 30% decrease in the same parameter, suggesting the involvement of other molecules in miR-206-mediated bone formation defects.
Interestingly, parathyroid hormone (PTH), a well-known regulator of osteoblast differentiation, has been shown to regulate Cx43 expression through a posttranscriptional modification of Cx43 mRNA (38) , and the anabolic response of PTH is attenuated in Cx43-deficient mice (34) . Because miR-206 regulates both osteoblast differentiation and Cx43 mRNA stability, we tested whether PTH regulates Cx43 through a modification of miR-206 expression. However, PTH did not affect miR-206 expression.
It is interesting that miR-206 is strongly expressed in perichondrium, whereas its expression in trabecular bone is less (Fig.  1F) . Considering that osteoblasts are derived from immature osteoprogenitor cells located in the perichondrium (39) , strong expression of miR-206 in the perichondrium suggests that miR-206 may work to keep osteoblast immature and decrease of miR-206 expression is important for proper osteoblastic differentiation, which is in agreement with our in vitro observations. Currently, the molecular mechanism accounting for the downregulation of miR-206 expression during osteoblast differentiation is unknown. Because miR-206 is expressed in myogenic (24) (25) (26) (27) (28) , adipocytic (40) , and osteoblastic cells, all of mesenchymal origin, and miR-206 regulates both myogenic and osteoblastic differentiation, it is tempting to hypothesize that transcription factors involved in the differentiation of mesenchymal stem cells into specific cell lineages also regulate miR-206 expression. In this context, myogenic factors were shown to bind the upstream sequences of miR-206 (26). Therefore, it is possible that essential transcription factors for osteoblast differentiation, such as Runx2 and Osterix, also regulate miR-206 expression. Indeed, there are many putative binding sites for these factors in the sequence upstream of miR-206.
In conclusion, we demonstrated a regulatory role of miRNA in osteoblast differentiation in vivo. From a clinical point of view, inhibiting miRNA expression (41) may lead to therapies for bone degenerative diseases such as osteoporosis.
Materials and Methods
Cell Culture, Microarrays, Alkaline Phosphatase Assay, and Dual-Luciferase Reporter Assay. Primary osteoblast and C2C12 cells were cultured and alkaline phosphatase activity (Wako, LabAssay ALP) was measured as previously described (42) . Microarray analysis was performed as previously described (23) .
The activities of luciferase were determined by the dual-luciferase reporter assay (Promega). Further details are provided in the SI Text.
Cloning and Gene Expression. Genomic fragments of miR-206 precursors were amplified by PCR. miRNA expression was detected by an RNase protection assay using a mirVANA miRNA kit (Ambion) or quantitative RT-PCR with Mx3000P (Stratagene). Northern blot analysis was performed as previously reported (43) . 3Ј-UTR of Cx43 was subcloned into downstream of the luciferase gene for Cx43-3Ј-UTR reporter construction.
Western Blot Analysis, Immunohistochemistry, and in Situ Hybridization. Western blot analysis and immunohistochemistry were performed according to a standard protocol (42) . In situ hybridization was performed using DIG labeled probe [miR-206, miR-scramble and ␣1(I) collagen] and 35 Transgenic Mice, Histology, and Histomorphometry. The genomic fragment of the miR-206 precursor was cloned into a plasmid containing a 2.3-kb ␣1(I) collagen promoter and microinjected as described in ref. 37 . We performed histomorphometric analysis using the Osteomeasure System (Osteometrics) as described in ref. 42 . Further details are provided in the SI Text.
Statistics. All data are presented as means Ϯ SE. (n Ն 6). We performed statistical analysis by Student's t test, and P Ͻ 0.05 was considered statistically significant.
